The transplantation of autologous Schwann cells (SCs) to repair the injured spinal cord is currently being evaluated in a clinical trial. In support, this study determined properties of spinal cord/SC bridge interfaces that enabled regenerated brainstem axons to cross them, possibly leading to improvement in rat hindlimb movement. Fluid bridges of SCs and Matrigel were placed in complete spinal cord transections. Compared to pregelled bridges of SCs and Matrigel, they improved regeneration of brainstem axons across the rostral interface. The regenerating brainstem axons formed synaptophysin + bouton-like terminals and contacted MAP2A + dendrites at the caudal interface. Brainstem axon regeneration was directly associated with glial fibrillary acidic protein (GFAP + ) astrocyte processes that elongated into the SC bridge. Electron microscopy revealed that axons, SCs, and astrocytes were enclosed together within tunnels bounded by a continuous basal lamina. Neuroglycan (NG2) expression was associated with these tunnels. One week after injury, the GFAP + processes coexpressed nestin and brain lipid-binding protein, and the tips of GFAP + /NG2 + processes extended into the bridges together with the regenerating brainstem axons. Both brainstem axon regeneration and number of GFAP + processes in the bridges correlated with improvement in hindlimb locomotion. Following SCI, astrocytes may enter a reactive state that prohibits axon regeneration. Elongation of astrocyte processes into SC bridges, however, and formation of NG2 + tunnels enable brainstem axon regeneration and improvement in function. It is important for spinal cord repair to define conditions that favor elongation of astrocytes into lesions/transplants.
INTRODUCTION
Injury to the spinal cord results in scar and cavity formation at the lesion site. The scar is composed of basal lamina sheets, a tight meshwork of interwoven astrocyte processes (4, 5) and numerous growth-inhibitory components (22, 26, 66 ) that function to wall off the lesion and protect uninjured tissue from secondary damage (11, 59, 68) . Although numerous cell transplantation strategies have been developed to nullify the deleterious lesion environment (72) , scar tissue at the interface impedes axon regeneration both into (25) and out of these grafts (76) , thereby limiting functional recovery. Interestingly, some astrocytes are permissive for axonal growth when they elongate linearly oriented processes into the lesion (45, 75) or transplant (14, 20) site. Thus, the reaction of astrocytes that are situated at the interface between a cell transplant and the spinal cord parenchyma contributes to the propensity for successful repair.
The transplantation of Schwann cells (SCs), prepared from autologous peripheral nerve, for human central nervous system (CNS) repair was first proposed by Bunge (8) , and this strategy is now being evaluated clinically (www.clinicaltrials.gov; NCT01739023). Early landmark transplantation strategies that demonstrated successful regeneration of CNS axons utilized peripheral nerve grafts implanted acutely after complete spinal cord transection (37, 61) . In this rigorous model of spinal cord injury (SCI), these peripheral nerve grafts (62) , as well as polymer channels containing a purified population of SCs (79, 81) , promoted intraspinal but not supraspinal axon regeneration. Supraspinal axons regenerated into SC transplants, however, when additional treatments were introduced (13, 27, 30, 31, 55, 56, 58, 80) . Utilizing combination strategies, these early studies reported modest improvements in function, although no morphological evidence of synapses across the site of injury was shown.
More recently, Fouad and colleagues (27) slightly modified SC bridge preparation by transplanting SCs in fluid Matrigel ® that subsequently gelled upon reaching body temperature. This method differed from other studies because SC bridges previously had been gelled before transplantation. When Fouad and colleagues (27) utilized initially fluid bridges in combination with additional treatments, they reported a relatively robust improvement in hindlimb locomotion after complete transection injury. Therefore, we sought to determine if the transplantation of an initially fluid SC bridge alone is sufficient to improve the capacity for repair.
We report here that the acute transplantation of SCs in fluid Matrigel into sites of complete transection SCI, without any additional treatments, promotes regeneration of brainstem axons and that they form bouton-like terminals at the caudal interface. Analysis of the host spinal cord/SC bridge interfaces revealed that astrocyte processes elongated in association with SCs and regenerated axons, sometimes in neuroglycan-positive (NG2 + ) tunnels. Brainstem axons did not enter the SC bridge when the astrocytes failed to extend processes into the bridge and formed a sharp rather than irregular border. Both the numbers of regenerated axons and glial fibrillary acidic protein positive (GFAP + ) processes in the bridge correlated with improvement in hindlimb movement.
MATERIALS AND METHODS

Experimental Design
The experimental design and methods used in this study were described in detail previously by Williams and colleagues (77) . Briefly, young adult (postnatal day 35) female Fischer rats, all born on the same day, were obtained from Harlan Laboratories (Frederick, MD, USA). Each rat received two separate surgeries: first, stereotaxic (Narishige International USA, Inc., East Meadow, NY, USA) injection of serotype 2 AAV-EGFP (adeno-associated virus containing enhanced green fluorescent protein) to anterogradely label brainstem axons and, second, complete transection of the spinal cord with implantation of a SC bridge. Each stereotaxic surgery took approximately 90-100 min, so only two rats were injected with AAV-EGFP vectors per day. In order to achieve maximal transgene expression at the time of injury, all stereotaxic surgeries were performed between 2 and 6 weeks before injury. Thus, the postnatal age of the rats ranged from 6 to 10 weeks on the day they were injected with AAV-EGFP vectors. The second surgery, the complete transection of the spinal cord and implantation of a SC bridge, took 20-25 min. To ensure that all the rats were the same age at the time of injury, these surgeries were performed over the course of 2 days. In this way, the rats were 12 weeks of age and weighed approximately 160-180 g at the time of injury. Then, either 1 or 6 weeks following transection and transplantation, the rats were perfused for histological analysis. All surgical procedures and analyses were performed blinded to the experimental group. All procedures were conducted in accordance with animal welfare standards established by the USA National Institutes of Health Guide for the Care and Use of Laboratory Animals, as well as the Institutional Animal Care and Use Committee at the University of Miami Miller School of Medicine.
AAV Vectors
Serotype 2 AAV vectors were generated by the Miami Project to Cure Paralysis Viral Vector Core, using the AAV Helper-Free System from Stratagene (La Jolla, CA, USA). The transgene plasmid for enhanced EGFP was kindly provided by Dr. Scott Whittemore (University of Louisville, KY, USA). The AAV-EGFP used in this study contained 2.4 × 10 10 genomes/ml and had a functional titer of 2.6 × 10 8 TU/ml.
Stereotaxic Injection of AAV
Detailed stereotaxic coordinates and injection procedures were described previously by Williams and colleagues (77) . Briefly, while anesthetized, stereotaxic injections were performed bilaterally to target descending brainstem populations in the locus coeruleus, ventrolateral pons, and the ventromedial rostral medulla. Each animal was injected with 19 µl of AAV, at a rate of 0.25 µl per minute, using an sp310i syringe pump (World Precision Instruments, Sarasota, FL, USA) together with a 5-µl syringe modified with a 5-cm 33-gauge needle (Hamilton Company, Reno, NV, USA).
Generation of Purified SCs
Purified (95-98%) SC populations were obtained from adult female Fischer rat sciatic nerves as described previously (49, 51) . Following purification, SCs were passaged to confluency three times and resuspended in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Grand Island, NY, USA) for transplantation.
Spinal Cord Transection and SC Bridge Transplantation
While anesthetized, the rats received a laminectomy from thoracic vertebrae levels 7 (T7) to T9, with significant lateral exposure, and the dorsal roots were cut. Then a single incision was made with angled microscissors (Fine Science Tools, Foster City, CA, USA) to completely transect the spinal cord at T8. The ventral dura was severed, the ventral roots were cut, and the spinal cord stumps retracted to create a 2-3-mm gap. Completeness of the transection was confirmed by lifting the rostral and caudal stumps and placing them into a 5.0-mm-long polyacrylonitrile/polyvinyl chloride (PAN/PVC) channel, kindly provided by Dr. Patrick Tresco (University of Utah, Salt Lake City, UT, USA). Then, 3.0 × 10 6 SCs in 15 µl DMEM were mixed with 10 µl of Matrigel (BD Biosciences, San Jose, CA, USA) and injected through the rostral of two holes previously created in the top of the channel (27, 77) . Matrigel has been found to improve transplanted SC survival (54) . This fluid mixture then gelled rapidly upon exposure to the animal's body temperature. Pregelled bridges were prepared by mixing 3.0 × 10 6 SCs in 15 µl DMEM with 10 µl of Matrigel and inserting this mixture via one end of the same size polymer channel (without holes). These bridges were allowed to solidify for 20 min in the incubator before positioning in the transection gap. Following the surgery, the rats received subcutaneous injections of 5 ml physiological saline twice a day (bis in die; BID) for 7 days, gentamicin (5 mg/kg; APP Pharmaceuticals, Schaumburg, IL, USA) once a day (quaque die; QD) for 7 days to prevent urinary tract infection, buprenorphine (0.1 mg/kg; Reckitt Benckiser Pharmaceuticals, Richmond, VA, USA) three times a day (ter in die; TID) for 3 days to reduce discomfort, and bladder expression manually BID until micturition returned. Two animals were housed per cage starting a week after transplantation; no rehabilitation was performed [except for Basso, Beattie and Bresnahan (BBB) scoring]. In animal Set A, two animal groups compared initially fluid (n = 7) to initially pregelled (n = 7) Matrigel/SC bridges. Set B (n = 11) received only initially fluid SC bridges to further characterize outgrowth of astrocyte processes and brainstem axons.
Tissue Processing, Immunohistochemistry, Electron Microscopy, and Imaging
The rats received terminal anesthesia (200 mg/kg ketamine; Vedco, St. Joseph, MO, USA, and 20 mg/kg xylazine; Acorn, Decatur, IL, USA). Their left ventricles were injected with 20 USP units of heparin (Sigma, St. Louis, MO, USA), and they were subjected to transcardial perfusion with 200 ml 4°C, phosphate-buffered saline (PBS; Invitrogen) followed by 400 ml 4°C, 4% paraformaldehyde (PFA; Sigma) in 0.1 M phosphate buffer (pH 7.4; Sigma). Spinal cords were extirpated and further fixed in PFA overnight and cryoprotected in PBS plus 30% sucrose and 0.025% sodium azide (all Sigma). Tissue blocks were embedded in PBS plus 12% gelatin (Sigma) and 0.025% sodium azide and quickly frozen in crushed dry ice. The SC bridges with attached rostral and caudal spinal cord were sectioned parasagittally from left to right at 20 µm using a cryostat (Leica, Buffalo Grove, IL, USA) and mounted directly onto a series of five slides (Surgipath, Buffalo Grove, IL, USA). In this way, sections were mounted onto a slide series at 100-µm intervals.
The antigenic sites were blocked in PBS with 0.5% Triton-X (Sigma) plus 5.0% normal goat serum (Atlanta Biological, Lawrenceville, GA, USA) and/or 5.0% normal donkey serum (Atlanta Biological). Then, tissue sections were incubated overnight with one or more of the following primary antibodies: GFP (chicken, 3.19 mg/ml, 1:500; Chemicon, Temecula, CA, USA), dopamine b-hydroxylase (DbH; mouse, 1:500; Chemicon), 5-hydroxytryptophan (5-HT; rabbit, 1:2,000; ImmunoStar, Hudson, WI, USA), GFAP (SMI 22; mouse, 1:500; Covance, Denver, PA, USA; rabbit, 1:500; DAKO, Carpinteria, CA, USA), S100 (rabbit, 1:500; DAKO), nestin (mouse, 1:500; Abcam, Cambridge, MA, USA), NG2 (rabbit, 1:200; Chemicon), brain lipid-binding protein (BLBP; rabbit, 1:200; Chemicon), low-affinity nerve growth factor receptor (p75; mouse, 1:2, hybridoma 192-IgG; American Type Culture Collection, Manassas, VA, USA), synaptophysin (rabbit, 1:500; DAKO), microtubule-associated protein 2A (MAP2A; mouse, 1:200; Chemicon), together with secondary antibodies conjugated to 488 or 594 fluorophores (1:200; Molecular Probes, Eugene, OR, USA), as well as 0.1% Hoechst dye solution (10 mM, Sigma) to label nuclei. All images of immunostaining were obtained with an Olympus FV1000 confocal microscope (Center Valley, PA, USA).
Tissue for electron microscopic analysis was prepared as described previously (49, 81) . Briefly, following overnight fixation in 4% PFA, SC bridge tissue was cut transversely into 1-mm slices from the rostral to the caudal interfaces. These slices were further fixed in 2% buffered glutaraldehyde (Sigma) followed by 1% osmium tetroxide (Electron Microscopy Sciences, Fort Washington, PA, USA) and embedded in EponAraldite (Electron Microscopy Sciences). Thin sections stained with uranyl acetate (Electron Microscopy Sciences) and lead citrate (Electron Microscopy Sciences) were imaged on a Philips CM10 electron microscope (FEI, Hillsboro, OR, USA).
Quantification of Axon Regeneration and GFAP + Processes
Adhering to guidelines established for the assessment of axon regeneration (69) , parasagittal sections of the SC bridge were analyzed by a line-transect method ( Fig. 1 ) using Neurolucida (MBF Bioscience, Williston, VT, USA) and an Axiophot fluorescent microscope (Zeiss, Thornwood, NY, USA) and MAC 5000 XYZ stage (Ludl, Hawthorne, NY, USA). The extent of host spinal cord tissue inside the polymer channel was defined by the expression of GFAP + astrocyte somata at the spinal cord/ SC bridge interfaces. The zero point, 0¢, was determined on the tissue sections that contained the tips of rostral and caudal spinal cord inserted farthest into the polymer channel, respectively. This distance from the ends of the polymer channel was then used to locate 0¢ on the remaining sections. Then, using Hoechst staining to visualize the tissue, dorsoventral lines were drawn on each section along the rostrocaudal axis at −10.0 mm, 0.25 mm, 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, and 2.5 mm from 0¢, as well as 0.25 mm, 0.5 mm, and 1.0 mm from 0¢¢. The length of these lines at a given location indicated the dorsoventral thickness of bridge tissue. By focusing up and down through the entire tissue section, the number of axons and GFAP + processes that crossed a given dorsoventral line was quantified. In this way, a transverse plane of tissue was analyzed, and the area was determined by multiplying the tissue section thickness (20 µm) by the length of the dorsoventral lines at a given location. To normalize for differences in the amount of bridge tissue sampled across animals, this area was used to report counts per square millimeter.
Assessment of Hindlimb Locomotor Function
To assess hindlimb motor function, animals were subjected to a 4-min open-field BBB locomotor test (3). All rats were tested 1 week before the stereotaxic injection surgery and 1 week before the transection/bridge transplantation. Their bladders were expressed prior to testing. The rats were then tested on a weekly basis, for 6 weeks after the transection/bridge transplantation. In the final week, the rats also were recorded with a video camera while being tested.
Statistics
All statistical analyses were performed with the Graph Pad Prism 5 software (La Jolla, CA, USA). GFP + axon regeneration and GFAP + processes were quantified from 14 experimental animals. Those with initially fluid bridges (n = 7) were compared to those with pregelled bridges (n = 7) and analyzed using a two-way ANOVA with a Bonferroni post hoc test. Error bars or ± indicate the SEM. A second group of animals (n = 11) was transplanted with initially fluid bridges and used to determine one-tailed, nonparametric correlations between GFAP + processes, axon regeneration, and BBB test scores.
RESULTS
Two sets of animals were prepared. Set A directly compared animals receiving either fluid or pregelled SC bridges. Set B consisted of animals receiving only fluid SC bridges to further characterize extension of astrocyte processes and brainstem axons into the bridge.
The Acute Transplantation of SCs and Initially Fluid Matrigel After Complete Spinal Cord Transection Improve the Interface for Axonal Regeneration Compared to Pregelled Transplants
Our previous studies of complete spinal cord transection injuries found that the implantation of Matrigel alone (in control animals) promoted negligible regeneration of axons into the bridge (81) , so this experimental group was not included in the present experiments. The combination of SCs and pregelled Matrigel, however, promoted intra-, but not supraspinal, axons to regenerate (81) . To determine if the fluidity of an acutely transplanted matrix directly influences brainstem axon regeneration, initially fluid bridges, of SCs and Matrigel were compared to pregelled bridges (animal Set A). As described previously (77) , brainstem neurons were anterogradely labeled with AAV-EGFP to easily visualize regeneration of their axons. In the current study, brainstem axons regenerated into both types of transplants, although fewer brainstem axons grew into the pregelled bridges ( Fig. 2A ) compared to the initially fluid bridges (Fig. 2B ). These differences were quantified utilizing the line-transect method ( Fig. 1) . At all measured distances from the rostral interface (0.25 mm, 0.5 mm, and 1.0 mm), more brainstem axons regenerated into the initially fluid than pregelled bridges (p < 0.001, two-way ANOVA) ( Fig. 2C ). An average of 229 ± 35 EGFP-labeled brainstem axons/ mm 2 were found to regenerate 0.25 mm into the initially fluid SC bridges compared to an average of only 68 ± 4 axons/mm 2 in the pregelled bridges. The Bonferroni post hoc analysis identified the most significant difference between initially fluid and pregelled bridges to be at 0.25 mm from the rostral interface ( Fig. 2C ). This suggests that differences in the bridges may pertain more to the interfaces that form rather than axonal growth within the bridge. When the morphology of astrocytes was analyzed using GFAP immunohistochemistry, GFAP + astrocytes at the interfaces formed either sharp or irregular boundaries in both initially fluid and pregelled bridges. Most of the interfaces in the pregelled bridges, however, exhibited a glial scar-like morphology with a sharp boundary of dense GFAP + processes that did not enter the bridge ( Fig. 2A) . In contrast, interfaces in the initially fluid bridges were mostly irregular, and long GFAP + processes extended into the transplant (Fig. 2B ). In order to quantify these differences, the line-transect method was utilized to analyze the number of these GFAP + processes entering the SC bridge. At all measured distances from both the rostral and caudal interfaces, initially fluid bridges exhibited a greater than 10-fold increase in the number of GFAP + processes entering the SC bridge compared to animals that received pregelled bridges (p < 0.0001, two-way ANOVA) ( Fig. 2D ). In summary, compared to pregelled SC bridges, initially fluid bridges create interfaces that better support brainstem axon regeneration into the bridge. 
GRAFT INTERFACES PERMISSIVE FOR AXON REGENERATION
The Acute Transplantation of SCs and Matrigel Enables Brainstem Axon Regeneration Across a Site of Complete Spinal Cord Transection
In the initially fluid bridges of SCs and Matrigel, brainstem axons not only regenerated into the transplant but also crossed the entire lesion site and reached the distal interface (Fig. 3) . The EGFP + axons regenerated through the rostral host spinal cord/SC bridge interface in regions where GFAP + processes entered the bridge (Fig. 3A-C) . These astrocytes coexpressed GFAP and S100 and were easily distinguished from SCs that only expressed S100. The EGFP + axons, usually oriented parallel to the longitudinal axis of the polymer channel, regenerated beyond GFAP + processes that entered the bridge from the rostral interface. Most EGFP + axons and astrocyte processes were found in the peripheral and ventral regions of the polymer channel, similar to the highest densities of SC myelination previously reported by Xu et al. (81) . Several brainstem populations were targeted by the stereotaxic injections of AAV-EGFP (77), including vestibular, noradrenergic, serotonergic, and reticular nuclei. This resulted in a heterogeneous population of EGFP-labeled brainstem axons regenerating into the bridge, with varied morphologies and beaded labeling. The EGFP-labeled brainstem axons were often observed in association with SCs and sometimes found in close proximity to autofluorescent macrophages (stars, Fig. 3B,  D) . In some animals, more than 100 EGFP + brainstem axons extended at least 2.5 mm, often reaching the caudal interface (Fig. 3D) .
In animal Set B (that received only initially fluid SC bridges), the rostral interfaces were further characterized. In addition to EGFP + brainstem axons, DbH + noradrenergic axons (Fig. 4A) , and 5-HT + serotonergic axons (Fig. 4B ) regenerated into the bridge; some of these 5HT + and DBH + axons also expressed EGFP. The regenerating axons entered the bridge with GFAP + astrocyte processes. The astrocyte processes typically entered the bridge in an aligned, longitudinal orientation, extending parallel to axons, and in close proximity to S100 + /GFAP − SCs (Fig. 4C, D) . The GFAP + processes, SCs, and EGFP + brainstem axons were often bundled together as a trio. Confocal analysis of tissue section z-planes revealed that this trio remained bundled together across the entire interface, with the axons primarily located in the middle of the bundle (Fig. 4E ). Furthermore, electron microscopy images showed that the trio was contained within a continuous basal lamina surrounded by longitudinally oriented collagen fibrils and fibroblasts (Fig. 5 ). The basal lamina appeared to provide a tunnel reminiscent of a band of Bungner in regenerating peripheral nerve.
The elongation of GFAP + processes and the regeneration of EGFP + brainstem axons were quantified in animal Set B using the line-transect method (Fig. 1) . GFAP + processes were found at all measured locations across the bridge but were diminished near the middle. A direct correlation was observed between the number of GFAP + processes/mm 2 at 0.25 mm past the rostral interface and the number of EGFP + axons/mm 2 that regenerated 0.25 mm (p < 0.005, r 2 = 0.31) ( Fig. 6A) , 0.5 mm (p < 0.005, r 2 = 0.33) ( Fig. 6B ), 1.0 mm (p < 0.05, r 2 = 0.24) (Fig. 6C ), and 1.5 mm (p < 0.05, r 2 = 0.38) ( Fig. 6D) . Thus, when more GFAP + processes elongate into the SC bridge from the rostral interface, more EGFP + axons are able to regenerate into the bridge. We conclude that the elongation of GFAP + astrocyte processes into a transplant defines that interface as permissive for the regeneration of brainstem axons.
SCs and Elongated GFAP + Processes Associate With NG2 + Tunnels
To examine early interface formation between the spinal cord parenchyma and the initially fluid SC bridges, additional animals were perfused 1 week after transplantation. At this time, reactive astrocytes, as defined by increased expression of GFAP, were found to elongate processes into the SC transplants. These astrocytes also expressed markers of immature glia, nestin, and BLBP ( Fig. 7) . As with levels of GFAP expression, the number of cells coexpressing nestin decreased with distance from the interface. Numerous nestin + /GFAP − cells appeared to form a wave emanating from the spinal cord stumps into the bridge. In the middle of the bridge, the linear arrays of nestin + /GFAP − cells were likely SCs.
One week after transection, EGFP + brainstem axons were found to regenerate into regions of NG2 expression. NG2 + /GFAP + processes formed tunnels through which the axons traversed the acutely injured interface, often in close proximity to macrophages (Fig. 8) . The NG2 expression was typically exterior to the GFAP and EGFP expression ( Fig. 8E, F) , as if outside the basal lamina that enclosed the trio of axons, SCs, and astrocyte processes (Fig. 4) . The tips of regenerating brainstem axons were in close association with the tips of the NG2 + /GFAP + processes (Fig. 8G, H) . Confocal analysis of tissue section z-planes revealed that the tips of EGFP + brainstem axons and NG2 + /GFAP + processes twisted around one another as they extended across the interface.
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the bridge (Fig. 9 ), not unlike that found after injury of peripheral nerves (60) . In the middle of the bridge, NG2 was likely produced by SCs based on coexpression with p75 (Fig. 9B ). The expression of NG2 did not appear to impede axon regeneration, as EGFP + brainstem axons were found in close proximity to NG2 throughout the entire bridge. Thus, after transplantation, SCs associate with GFAP + processes and NG2 + tunnels, enabling brainstem axon regeneration.
Brainstem Axons Form Bouton-Like Terminals at the Caudal Interface
In the initially fluid transplants, both the rostral and caudal spinal cord/SC bridge interfaces revealed a highly interdigitated GFAP + border. Similar numbers of GFAP + processes extended from either interface (Fig. 2D ). Nevertheless, clearly intact, regenerating EGFP + descending brainstem axons were not observed to cross the caudal interface and enter the caudal spinal cord. Instead, when EGFP + axons reached the caudal interface, they either extended between the interdigitations of astrocytes and were closely associated with them or were deflected away to grow in another direction (Fig. 3D ). Brainstem axons that regenerated to the caudal interface and were closely associated with astrocyte processes formed bouton-like terminals, identifiable due to the anterograde transport of EGFP to the distal tips ( Fig. 10) . To further characterize these structures, the expression of synaptophysin was assessed using confocal microscopy ( Fig. 10A-F) . At the caudal interface, synaptophysin was expressed as distinct puncta, typically less than 0.5 µm in diameter. When brainstem axons formed bouton-like structures in association with GFAP + processes, the synaptophysin + puncta were often colocalized within the EGFP + terminals. Furthermore, some astrocyte processes that extended into the SC bridge from the caudal spinal cord were associated with MAP2A + dendrites. When brainstem axons regenerated to the caudal interface and formed EGFP + bouton-like terminals, they were in close proximity to these dendrites ( Fig. 10G-J) . In summary, EGFP + axons that regenerated to the caudal interface and formed bouton-like terminals expressed synaptophysin and closely associated with both GFAP + astrocyte processes and MAP2A + dendrites.
Both Brainstem Axon Regeneration and the Elongation of GFAP + Processes Are Associated With Improved Hindlimb Movement
Following complete transection and transplantation of SCs and Matrigel, the animals exhibited progressive hindlimb improvement in an open field, as assessed by BBB scoring. A direct comparison of the scores between pregelled and initially fluid bridges in Set A did not reveal a statistically significant difference. However, in Set B animals implanted with initially fluid bridges, there was a direct correlation between the number of EGFP + brainstem axons that reached the caudal interface and week 6 BBB scores (p < 0.05, r 2 = 0.22) ( Fig. 11A ). There was also a direct correlation between the number of GFAP + processes/mm 2 that elongated into the SC transplant and week six BBB scores (p < 0.05, r 2 = 0.3) ( Fig. 11B) . Thus, the presence of elongated GFAP + astrocyte processes may be used to determine if a SC transplant supports improvement in hindlimb movement.
DISCUSSION
The Transplantation of SCs Promotes Brainstem Axon Regeneration After SCI
Whereas previous work found supraspinal axons to regenerate only when a SC bridge was combined with additional treatments (6) , the current study demonstrates that the transplantation of a SC bridge alone promotes brainstem axon regeneration. Two differences in this study and previous investigations of the SC bridge were i) brainstem axon regeneration was easily visualized using AAV-EGFP as an anterograde tracer (77) and ii) some SC bridges were not pregelled prior to transplantation. Compared to pregelled bridges of SCs and Matrigel, this study demonstrated that initially fluid bridges promote both a robust increase in the elongation of astrocyte processes as well as the regeneration of brainstem axons into the transplant. Early work with collagen matrices reported limited axon regeneration into pregelled compared to initially fluid transplants (36) . The advantage of initially fluid transplants over pregelled ones may be i) in pregelled SC bridges, components in Matrigel, such as collagen type IV and laminin, may self-assemble into basal lamina (73) before transplantation and thereby contribute to a meshwork of astrocyte processes similar to the glial limitans (23, 24, 40) , and ii) fluid mixtures may rapidly conform to the surface of the cord stumps, thereby limiting the invasion of meningeal fibroblasts and inflammatory cells, analogous to duraplasty (30, 31, 82) . The invasion of meningeal cells and their interaction with astrocytes creates glial limitanslike structures that may impede axonal growth (33, 39, 65) .
The Elongation of GFAP + Processes Defines an Interface as Permissive for Brainstem Axon Regeneration and Functional Improvement
After complete transection/SC bridge transplantation, numerous astrocyte processes entered the bridge and were associated with both brainstem axon regeneration and improvement in hindlimb movement. After CNS injury, reactive astrocytes are often inhibitory to axon regeneration and recovery of function (22, 66) , although they also exert many beneficial functions (68) . Early studies of complete transections reported axons sprouting short distances into the lesion in association with astrocytes (32, 45) . These sprouts were often found with endogenous SCs and, together with axons, were enclosed within a continuous basal lamina (7, 44) , similar to the current study. These tunnel-like structures are distinct from the inhibitory sheets of basal lamina found in CNS scar tissue (4, 5) . Axons often grow in association with astrocytes during development (67, 75) and following the transplantation of various grafts into the CNS (14, 34, 38) , including SCs (13, 30, 31, 80, 82) . Astrocytes extend processes into SC grafts with the administration of glial-derived neurotrophic factor (20) , and transplants of glial precursor-derived astrocytes cultured with bone morphogenetic protein extend processes and promote axon regeneration (15) . The current study supports these findings and demonstrates that the quantification of elongated GFAP + processes may be used to determine if a CNS-graft interface is permissive for axon regeneration and functional improvement. Accordingly, the presence of elongated astrocyte processes should be assessed in any scaffold and/or cellular transplantation therapy designed to treat SCI.
After SCI, astrocytes enter a reactive state as defined by their increased expression of GFAP and/or proliferation to create new astrocytes. New astrocytes also may be generated by ependymal cells and/or NG2 + progenitors (2, 29, 44, 48, 52, 84, 85) . In the current study, astrocyte processes at the interface expressed nestin and BLBP 1 week after SC transplantation, indicating they were in a more immature-like state. The processes resembled those of type II fibrous astrocytes and, given their expression of developmental proteins, may be derived from dedifferentiating and/or de novo astrocytes. Immature astrocytes express numerous developmental proteins that support axonal growth (41, 53, 74) . The astrocytes at the interface expressed markers of immature glia, irrespective of their morphology (i.e., if they elongated processes into the bridge or formed a tight meshwork that walled off the transplant). However, brainstem axons only regenerated across regions of the interface where astrocytes expressing markers of immature glia also elongated processes into the transplant. Given that glial morphology alone may not be sufficient for growth (16, 17) , the data presented here suggest that morphology dictates the potential for axon regeneration if and when an appropriate balance of growth and inhibitory proteins are expressed (35, 46) , that is, if the glia are expressing developmental proteins. In this way, the elongation of astrocyte processes across transplant interfaces likely establishes three-dimensional structures that determine how regenerating axons become exposed to the myriad of growth-promoting and inhibitory cues.
GFAP + Processes and Axons Elongate in Association With SCs and NG2 + Tunnels
Elongated GFAP + processes associated with transplanted SCs in NG2 + tunnels escorted regenerating brainstem into the bridge. NG2 may be derived from numerous cellular sources, including progenitor cells, astrocytes, and SCs (12, 18, 35, 43, 47, 48, 78) . In addition, NG2 + pericytes that associate with blood vessels (35, 47) may enable brainstem axon regeneration, analogous to sensory axon regeneration along blood vessels after injury of the dorsal roots (28) . Although direct contact with purified NG2 inhibits axonal growth (71), axonal growth after SCI is observed in regions of NG2 expression (18, 35, 43, 47) , and NG2 + progenitor cells protect axons from macrophage-induced dieback (9, 10) . In the current study, GFAP + /NG2 + processes also appeared to protect regenerating axons from macrophages as they crossed the interface. In addition, the transplanted SCs and GFAP + processes may enable brainstem axons to regenerate by mediating the spatial and temporal localization of NG2.
Astrocyte processes, SCs, and regenerating axons were observed to be bundled together within tunnels of basal lamina. Whereas NG2 expression appeared to be exterior to the axons in the bundles, the precise localization of NG2 with respect to the basal lamina remains to be determined. NG2 may be membrane bound or deposited after cleavage. Macrophage-produced matrix metallopeptidase 9 (MMP-9) may cleave membrane-bound NG2 (9, 42) , whereas astrocyte processes that elongate into the bridge may limit cleavage/deposition by expressing tissue inhibitor of metalloproteinase-1 (TIMP-1) (50) . Given that brainstem axons appear to grow together with the tips of NG2 + processes, either membrane bound or cleavage deposits of NG2 (1) may prevent the subsequent regeneration of axons through the tunnels and/or provide guidance. Thus, there may be a temporal limit to the permissivity of NG2 + tunnels. Such temporal changes may partially explain the failure of regenerating brainstem axons to enter the caudal spinal cord (76) . Alternatively, the regenerating axons may stop growing because they form boutonlike terminals.
Brainstem Axons Regenerate to the Caudal SC Graft Interface, Form Bouton-Like Terminals, and Are Associated With Improvement in HindLimb Movements
Following the complete transection of the thoracic spinal cord, the transplantation of SCs promoted the regeneration of brainstem axons across the entire lesion site. Regenerating brainstem axons that reached the caudal interface formed bouton-like terminals. Synaptophysin expression was often colocalized as puncta with the boutonlike terminals. Furthermore, the bouton-like terminals were associated with MAP2A + dendrites and astrocyte processes that entered the SC bridge from the caudal spinal cord. Finally, the number of brainstem axons that reached the caudal interface was directly correlated with improvement in hindlimb movement. Together, this suggests that the regeneration of brainstem axons across the entire SC bridge may mediate behavioral improvement through interaction with neurons adjacent to the caudal interface.
Numerous studies have reported behavioral improvement following treatment of complete transections, and this is at least in part mediated by synaptic rearrangements of the central pattern generator (CPG) (19, 63) . Following complete transection, regenerating axons conduct action potentials across the SC bridge (57), motor-evoked potentials (MEPs) recover after implantation of oligodendrocyte progenitors and/or motor neuron progenitors (21) , and transcranial brainstem stimulation induces MEPs following transplantation of olfactory ensheathing glia (70) . New synapses, however, may not be necessary as evoked potentials can be elicited by the extrasynaptic release of neurotransmitters (64) , and improvement in hindlimb movement may then be mediated by propriospinal neurons that relay to the CPG (83) . Therefore, brainstem axons that regenerate across the SC bridge and reach the caudal interface may mediate improvement in hindlimb movement through extrasynaptic release of neurotransmitter and/or the potential formation of synapses at the caudal SC bridge-spinal cord interface.
In conclusion, this study supports the clinical use of SCs for SCI repair and defines important characteristics of permissive spinal cord/graft interfaces. We demonstrated that the elongation of astrocyte processes into SC transplants and formation of NG2 + tunnels enables brainstem axon regeneration and improvement in function. Therefore, it is important for spinal cord repair to understand conditions that favor astrocytes to be permissive for axonal growth into lesions/transplants.
